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TUNABLE PARkMETRIC 3SCILLATORS BETWEEN 1.ý) pm- 5.0 pm

INTRODUCTION

Basically there are three non-linear processes for the production of
tunable coherent radiation between 1.0 pm and 5.0 pm. These include para-
metric, Raman and Brillioun interactions. The last two are similar *-"
physical origin, both being a con.equence of the modulation of the d;electric
constant of the medium by the natural vibrational modes of the medium.1 The
incident electromagnetic radiation is .cat.ered with a frequency shift equal
to the characteristic vibrational freqauency of the nediu~n. In the Raman

effect, scattering from the"optic-'1"modes of vibration causes frequency
shfts on the order of *•rl hundred ancistroms,whereas, in the Brl*lioun
effectscatterina from the "acous;-•1" rntdes of vibration causes frequency
shifts on the orde,- of ieveral gigahertz.

Both of zhose last two interactions are restricted to discrete frequency
shifts which are multiples of the natural vibiational modes. In contrast, the
parametric process allows for continuous tuning over a bandwidth limited only
by the transmission spectrum of the optics and by phase matching requirements.

This paper is intended as a review of existing parametric oscillator
designs for the production of tunable radiacion between 1.0 pm and 5.0 pm.
it is meant to be a general review of the practical requirements in the
design and construction of these oscillators and not a detailed analysis
of the relevant physics. Ample references are given for the reader who
may be interested in a more detailed account.

GENERAL DISCUSSION

The optical parametric frequency converter utilizes the non-i near
nature of the induced polarization wave in an optically transparent medium
to generate sum. difference, and harmonic freoquencies.j , 3 When uv-sed in
conjunction with an optical cavity tuned to the new wavelengths, resonant
enhancement of these new frequencies will occur at the expense of th2 input
frequency or frequencies. 3 ,4

Most optical parametric oscillators are designed to operate according
to second order theory. That is, the induced polarization wave obeys the
relation

w e eP " V, C 074 + 9 N o n -l in e a r 
( I)

whe re

(PNO i = ';jKF Ek (2)

which is second order n the applied fields E., Ek. Equation (2) i.-serted
in maxweiis equations aii(M• tor fr ncruy cALi.tsudii JL, ,cii Li;,ii t:ociLi4,AisU-

netic waves, designated as w - the "pumo' wave, W - the signal wave and



W - the idler wave. These three waves may interact in a variety of ways to

yield sum, difference or harmonic frequencies.

In ordsý,r to make clear just what type of processes may occur, Jet us

define the following terms:

"Difference frequency generation" is simply written as

Wi = W2 - W3  (3)

where the "PumP" wave w-._ mixes with the "idler" wa%,e w- t• yield the differ-

ence frequency W1, (signal). Of course, the names 'siinal' 'and "idler" are

interchangeable here, the output beam usually being referred to as the signal.
Equation (3) is simply a statement of conservation of energy

9i w, = "h W 2 - Tý w3 (4)

where, from quantum theory, R = PLANCK's constant/2Tt. Notice that the pump

wave at wu2 must have a areater enert; than thz signal and idler waves. This

means that energy is taken from the pu,.p wave ancd delivered to the signal and
idler waves as the process continues. fhe signal and idler are oresent
,nitiailv in the form of roise. This interacL'on "s also referred tc as "down-

c'nversion" since both signal and idler are at a lover freqz.ency. A -oecial
case arises when

W, = ,fu3,
1 33

The equation then becomes

w2 = 2w 2w (6)
2 1 3

This is termed the "degenerate" mode of operation, where the signal and idler
have the same frequency. It is also the most efficient form of down-c:version
since both the signal and idler are useable as the "output."

For now, let it be stated that this process or interaction wiHl proceed
only if the following "phase matching" condition is satisfied within the
non-linear crystal;

4# -4 -4
k, k2 -k3 (7)
_# 2T ~ /8

-. 2nn A
where k -= e = wavevector '8)

n = index of refraction

wave lenath

2



This is simply a statement of conservation of momentum

R k k2 k3 9

in the sense of Equation (4).

Other interactions may take place within the oscillator (pi. rametric)
cavity if different phase matching conditions are set u;). For example,
"-sum frequency" generation will proceed if the crystal ,s so oriented such
that

k, k, + k (10)

Here W W + W3, and now energy must be supplied at both w2 and w
.or the process to continue. That is, two intense inputý
are required. Such a process is referred to as "up-conversion." Notice that
if

w2 = J (11 )

then

W= 2W2 (12)

which simply corresponds to "frequency doubling."

From the point of view of simplicity and efficiency, up-conversion from
the 5.0 pm end of the spectrum is less desirable than dcwn-conversion from
the 1.O1m end of the spectrum due to the added requirement of in intense,
tunable laser input a,- the idler frequency in the former case.

Hence, broadband tuning over the 1.0 - 5.O0.m range is most easily
accotnplished via down-conversion from l.Ol1m. This naturally suggests neodymium
as the pump source, which has 12 laser lines between 0.9145um and 1.3391un,
the well known ].06pm line being the strongest.

PHASE MAYCHING

The requirement for phase matching arises from the dispersive nature
of the non-linear media. Basically, since the phase velocity of a light wave
is a function of frequency, the "signal," "idler," and "pump" will get out
of step "phase wise" with each other as the interaction proceeds, thereby
considerably !esscning the ,nteraction process. In order to "phase match,"
one must "'index mnatch." 14 This is achieved by taking advantage of the bire-
fringent nature of the crystal.whereby the "pump" wave ;C mAde to proparjj.e
as an -extraordinary- ray while the "signal" and "idler" propagate as ordinary
rays. Other schemes are possible, 3 , 4 such as the pump and idler being

3



extraordinary rays and the signal as an ordinary ray, but usually teno to lessen
the "effective non-linearity" of the medium.

Uin-er these conditions, it is then possible to find a direction of
propagation relative to the crystalline axis, which will allow all three
waves to have the same phase velocity and, hence, to interact coherently
over the full length of the crystal. This leads to a maximum transfer of
energy from the pump wave to the signal and idler waves.

As stated previously, the phase matched condition for three wave inter-
actions is defined by the relation2 ,3

n = 0 ne 2 (@) + n o-n3  (13)

where n is the index of refraction at the ith fr•.jency, 1, 2, 3 correspond
tothe signal, pump, and idler wavelengths and o, e representing ordinary
and extraordinary rays. The phase matching direction is given by:

2 ;2 2 ~ n-2
cos e2 (14)

m -2 -2
n o2 n e 2

where 9 defines the propagation direction relative to the crystalline Z-axis
n and m n are principal indicies of refraction of the crystal and n e2()
iS defined0 In the previous equation.

This equation defines a cone of possible phase matched directions about
the crystalline Z-axis. The remaining angular coordinate, 0 is specified by
that direction within the crystal which yields the greatest "effective non-
linearity."'3 This direction happens to be along the negative crystalline
y-axis for LiNbO3 as can be seen in the relation:

d d Sin G + d cos (ssn 3 - 3 cos 2 s9 (15)
eff 15 11 22 Mn sin 9~

where d22 is negative.

The actual form of the equation depends on the symmetry of the crystal.
In the case of "Barium Sodium Niobate," Ba2NaNb5,_ we have

deff 1 d15 Sinm Cos2 + d2 4 sin@M sin2 0 (16)

which is essentially independent of 0 since

d 15 d24 (17)



Tuning of a parametric oscillator may be achieved either by rotation of
the crystal, thereby, channing the phase matching direction, or, by varying
the temperature of the cryszal, which effects the relative magnitudes of the
extraordinary and ordinary6 indicies of refraction. The phase matching
direction, &m' is then affected via Equations (14) and 0l5).

Rotation of the crystal is the most convenient means of tuning, but if
large angles are involved it introduces a source of "walk off" for the three
beams due to the dispersive nature of the crystal. For large bandwidths,
temperature tuning is the most praztical and allows for normal incidence
to the crystal for all three waves throughout the spectrum. However, it does
require the use of an oven having reasonable sensitivity and temperature
stability which,ultimately, tends to lessen the overa:l simplicity and
efficiency of the system.

A typical temperature tuning curve for a LiNbO3 down-converter is
shown in Figure 1. Notice that a 150 0 C temperature variation allows for
tuning between 1.4 and 4.0"m. Approximately 450 0C variation would be required
for the full l.Oum - 5.O0.±m range. Figure I is representative in form of the
tuning curves of most uniaxial crystals, although the actual tuning rates
(with temperatures) would be a function of the Individual crystal type.

It should be noted that requirements on the irystal oven stability are
a function of position on the tuning curve. Ncar degeneracy, the signal and
idler frequenciesare quite sensitive to temperature changes, whereas, far
from degeneracy they are relatively insensitive to temperature variations.

In point of fact, it is frequently possible to achieve stable oscilla-
tions for frequencies far removed from degeneracy and phase matched near room
temperature without the aid of an oven.

A more exact discussion of temperature tuning would require specifying
the crystai type. Data on the temperature variations of the indicies of
refraction of LiNbO3 may be obtained in the references.

THRESHOLD AND EFFICIENCY

The relevant practical aspects of a tunable parametric oscillator are

its threshold of oscillation and its conversion eff;ciency.

The formula for threshold is given by Boyd & Kleinman3 as

P + Yý 8 61 e 31

PTH 2{ 2 (1 2 - C2 . 3 .- (I()

where

- 28TT f 32d 2-15
k = n In2n3 = 3.31 x 10 esu (19)

5
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k= =4.81 (20)
2

2.1 2 
(21)

k3 WO

L length of crystal

, double refraction angle

The function I + Yý depends on how far from "degenerate" opera:ion(2-y) 2(l- 2)

j,, and w-. are, and is a minimum - equal to unitv - at degeneracy, The
quantitieg are the single pass power losses at the signal and idler frequencies,
and k (S) is a complicated expression describing the combined effects of
focusing and double refraction. Accordine to the literature, k rim-ar

constant3 varyine bv no more than lOi frnm rhe vzi'e: %f n 0.20 %r crytcas

between 3 mm and I cm under optimal focusing conditions.

For one percent losses at the signal and idler, one obtains a threshold
for Lithium Niobate of approximately 10 watts. This is very low compared to,
say, Raman Conversion which is on the order of 2 megawatts. Mode and phase
matching of the laser and oscillator cavities usually raises this value some-
what (50 watts -100 watts) depending on many parameters. This is stiil. low,
htowever, for giant pulse operation or even for repetitively Q-switched
operation but tends to make CW operation difficult to achie--e. Hnee,
threshold is not the prime factor to be considered when discussing pulsed
parametric oscillators. Of more importance, for large bandwidth tuning is
the conversion efficiency as a function of frequency shift.

Consider the energy relation

W =W2 - W3 (22)

or equ:valently the fa-inentunf, relation

-4 4- -4
k, = k1 k 3 (23)

2 3

At degeneracy w. = ) 2 so that fo'r z I eb ain 2.12,,-,
I 1 2CU UPL

signal and idler. As-we move away from degeneracy, Equation (22) must still
hold (if we are phase matched) so that, if our signal is at, say 3.Mum, tFe
idler will be at (letting n. n, = n fir convenience);

2 3 3

1.06u 3AA (24)



or A . 6 ,n. Of course, there is rething sacred abut e e sicni
and idler. One could just as well nake the !..EA• bean the output '%ignal"
and the "idler", at 3.0-m sim.piy by char.ging the oscillator reflectivities.

The i zaorai t~hiro zo ccK- hrr!ere is ; em~rg-y i-ei;ati- E i
-~ - ___- ----. -lb-- - US

which 'may be rewritten

n co =3 c

This simpiy reans that each punp psoton that splits into a sisnal zrd an
idler photon at frequencies w and w does so in proportion to their
frequencies. For our exz-ale

(Energy" w3 3.5)

The energy available at 3.(um will be approximately one-half that at l.&bm
and will comprise only one third of the total energy in all three beams.
In general, the greater th -• .h.ft the- less the c-4i-- eN "-

by the very fact that it is a single photcr. process. Of course, if the systema
design permits use of both the signal and idler as the "output" such as near
or on degeneracy, then the overall no-loss efficiency is effectiveiy doubled.
It should be noted that although we are considering a "single-photon" process,
other multiple photon processes are still present in the form of noise (phase
matching prevents amplification of any but the desired interaction). These
"higher order" interactions tend to lower the overall efficiency by lessening
the number of puop photons available for the desired interaction. However,
such effects are minimal when operating well above threshold.

CRYSTALS

There are many parameters to be considered when choosing a non-linear
crystal. Some of the more obvious ones are:(l) Optical transparency over
the spectrum of interest; (2) A large effective non-linearity; (3) Phase
matching capability at reasonable ter..eratures over the full spectrum of
interest; (4) Relatively advanced crystal (,riwing techniques which yield
sufficiently large and optically pure crystals;(5) Freedom from water
solubility (non-hydroscopic) problems; (6) Curie tem,-perature outside of the
phase matching temperature range. There are many crystals which meet some
or all of these requiremer.ts, and a brief review of these will follow.

Potassium Dihydrogen Phosphate (KDP)_

This is one of the earlier crystals used in parametric and second
harmonic generation. However, its transmission spectrum is restricted to
the 0.22 and 1.5 rm range, is water soluble and has a rrelting point of

252.60C. Hence, it is a poor candidate for the 1.0 jurn and 5.0 jum spectrum.

LiýJbO - Lithium Niobate

This material is the most commonly used no,-linear material at the
present time. Some of its parameters are listed in Table 1.



Tab ie I. _Proper t ies af L i tiiu i M Ui cfaz e

Point Gr.jp Sym•etry

Indicies f P.efractien n -= 2.2237
(at l.OU, S7P) n = 2.157

K ca-linrmar Coefficients d3l = !1.9 + 1.9 = 15

(relative to d3 3

Tran-sparency O.4u - 5.0,p

S Curie Teperoture Z-210°c

I irefri nDence %-eGative Uniaiai

L Water Sori. .c 
e°

Notice the high Curie temperature, the large transmission spectrum and
the lack of any water solubility proble=s. Also ie.ortant, is the fact that
its non-linear coefficients are approximately 11 tires that cf d36 of KDP.
(d31 and d22 are the relevant non-linear coefficients for LilbO3. (See Equa-
tion (15).) Two other characteristics of Li"_O3 nignt be ventioned. The
material has a tere-ncy to . ..or . --ce trapping ;i!ei= te jin the

visible region of the spectrum. However, these effects disappear below I.Opm.
Also, above 5500C the material begins to loose oxygen and discoloration sets
in. To prevent this, it is necessary to incorporate an oxygen flc< system
into the crystal oven. Frem the systems point of view, this would be quite
undesirable, hence the effective tuning range of the crystal would bte fro
60'- t o-- ¢i u'-C. toe former teserature is chosen so that the
system is always above ambient, obviating the need for a refrigeration
sysreT*.

According to the previous sections, such a temperature tuning range is
more than sufficient to phase match LjiNbO3 over the entire 1.0 - 5.0 pm
spectrum.

Single crystal LiNbO2 is also available comm.ercially in sizes as large
"le I M ... .. -C :n ag!e

as i cm - ica,- 2 cm, .UL_ at 'Ps -a~...... .......

Ba'iaNb5 OI5 - Barium Sodium fHiobate ("Bana-a"'

This is a very promising material, having larger non-linear coefficients
than LiNbO3' Some of its properties are listed in Tablet!.

3.3



Table I I -Prcpert es off Sari UM Sodium-

I oint GrcL. Srmetry om 2

Mxio-linear Coefficient -1 d :_ = 17+
(relative to d3 , of KaP)

332 024,= 35 +2

d33 =21_÷ 2

Tranpz'rrc-• a.. - --;,,a

Curie Temprature 566°Ci

Bi refri n•-ence fiegative Iniaxal j

I

Although this crystal has twice the non-linearity of LihibD3 , its major
drawback is that it changes from Orthorhcmbic to tetragonal structure at
30D0C and hence its usable tuning range *ould be restricted to 600C - 31O 0 C..
Other than this, the material is quite promising. Sufficiently large crystals
can be grown, although the percentage yield is still less than LiW•O 3 . Also,
the a•mot of inforcation available in the literature on "'Banana" as a down-
converter is less than that for LihUo03 .

AgeAsS3 - Proustite

This material has very high non-linear coeffic;ents, as shown in Table
l However, it is rather difficult to grow due to the hazards of arsenic

end generally has poor optical quality.

Table l !. Properties of Proustite.

Point Group Symmetry

ianicies of Refraction n =2.82
O* = 2.58
e

I Hon-linear Coefficients d = 50
(relative to d3 6 of KDP) d31 =30

0.6;xu- U3Pum

Water Sclubility None

Bi refringence Negative Uniaxial

I0



-Strcotic= Sari=n Loicbace - "tabrr

This material has excefleg.t cX-.1iear prcepeties and is tralsparent
beeween GA= - 6.0 pm its strc~racra is 14 mm.L K.=eaer, it is a poor

chie o er rad--edpranti tr be.i-ge o its low Curie ftenýerz-
tareTh~ee ae si~ea: rzic w'sS.-'Eacamwercialsy av'ai abse. &.a~

curie teuerature incea-sin as the Bark=~ co~tean iocreases.. Ultiarately,
F-aoever, CMe is limited by PDO.- crystalline eptical qzality at high barium

a.aetair (ninimum S'j~a =0.2.-) -

SaTiO3 - Barium Tiza-ate

Vanis material vpvssesses quite hai~h now-!irear coefficients as cza be
sea--~ ~~. b~

Table IV, Properties of Bariumn Titanate..

I ndicies cif Reef rz-ticp = 2.437
n = 2..365e

hion-I !-ear Coefficients'd1=d14 = 35 3
(relative to d 9 O)j31 =d32 = 37 3

d33=14-I

I Trausparency

J Curie Te;perature12CI Birefringence N~egative Uniaxial

Water solubilIity Iw
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L TzG3O-i sh =n Tao ta Ia e

Tzble T_. PPrcerties of Lithi= T-a•.alate.

Srelati•e -ZOxoedral 1n
SIdicies of R efraction0n = 2J;

lKra-limear Coefficitnts d l 3 1
(rlaie to 83 M? - 56

optical Trartsiss ico 0- -Wc =

I Birefrinsgit ice

Wae Saokbiiiry

LiTaO3 seers to have excel lent oeptical d 9rage characteristics, be•ing
two to three orders of ragnitude higier than the thresiold for LilbO0

3
(25 Mh/a). Hoaever, little information is availabe on the phase cratching
characteristics of the araterial ever the 1.5 - 5.0 ,Pn. It is possible
that the small differe.ce beween the extra-ordinaty and ordinary indicies
of refraction would prevent phase matching at any -q1e for large f reque.zy
!Eh ifts.

S•snere are v-eny care crystals in *-.ic-h para--etric. interactioris can takeplace, but all hve soe =ajor disadvantage such as a restricted tuning range

or a low non-lirecity. .At the present state of the art, LiobO3 is generally
considered to be the best cryst-l for large bandwidth timing.

SOSC ILLATOR DEESIGPS

There are several experimentai techniques for achieving optical para-
F tr-c frequency cowversion, which have been discussed in the !iterature. 4,7,8

Fg:r.- 2 sh_ 5ý of these sica:A s. C~iu i -f rA_;-.

L-basic approach wherein the p,;V wave is sismply iniected into the oscillator
cavity through the ICO% mirror. Although the most popular design, it
frequently suffers frcm severe mirror d"-age problem3, at high input pumppcwers. This is a co•.seuenseq of t1'e re!e!'ye di'f+c,!,-. t,•J-

cally achievable at the present tia'_, of obtaining good optical quality multi-
I•ier di•e.ctric -:---- coatings which reflect strongl) at the signal and
Sidler avelengths and tr-;r9smit at the pump wavelength. t

Further, large bandwidth requirem-nts (1.0 - 5.0uw:TJ would require several
sets of mirrors (multilayer type) in order to cover the full spectrum.
Typically, the higher the reflectivity, the narrower the bandwidth of the
mirror so that the 100% oscillator mirrors would Oe quite restricted in band-
width, especially if they are doubly resonant.

12
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Figure 2. Typical device configurations.

13



-LIL9t4¶flI 100%

GLAN-THOMPSON

PARTIAL

PUPUM

/lm I•\ D IDER)

p, ,o • IGNAL

i,,/H Ill

E.

j!LASER I l J T [L

Figure 2. Typical device configurations (rontinued).

14



Desico B elininates, the nirror danace problen at: the input 5byr tzsirug a
-o*k,.- e Sr Zr, r. Howe we b r t F. tmm 5 L. ed e;d b

added coipicaticn of a dispersive and mast likeiy, absorptive naterial
into the oscillator cavity. In fact, such a design is not coapatible with Hd:
glass or Md: YAG since the ro--driur ion has Z-,sorption belcw 1.35. (it should
be remembered that if the signal! (cr idler) is tuned near the lw frequency
end of the spect;.z- (5.0=), the can;cnicai usve (idler or signal) will approach
the pump wavelength (!.06 ;=) (See Figure Q) Heence, a do'6I-y resonant

L intra-cavity system would be soceW;iat restricted in bandidth.

p Design C is L--ique in that it takes advantage of the fact that the signal
and the idler waves are orthogonlly polarized to the plop wave. A Glan-
Tnoopsca prism allows for efficient injection of. the puip bea into the
c-scillator cavity while perimitting almost loss free resonance of the signal
and idler waves. There is a slight disadvantage here due to the dispersive
nature of the prism, which tends to upset the phase and
rmatching characteristics of the oscillator cavity. in principle, however,
it is quite pronising.

Design D is a singly resonant system, 3ceaning only the •bi •i-I A!o
sees a resonant cavity. This approach, introduced by Faulk and Hurrey as a
Kon-Collinear Oscillator takes advantage of the double refraction properties
of the crystal. In general, for such a crystal, the direction of propagaticn
is not the sae as the energy flow direction 5 (Poynting Vector), due to the
anistropic nature of tht medium. Under normal phase matching, rl (signal)
k3 (idler) and C2(pump) are all Coltirnear or parallel. in the Faulk and

Hurrey scheb, R (idler) and S2 (pump) are collinear which allows for a greater
interaction length for the energy flow vector S, and k3 (dler) (or $3 (idler))
since the idler is an ordinary wave, and therefore, k and S are paral el,
Efficiencies u. to 46" have been reported using this scheme.

Fina•ly, design E ut.ilizes resonant reflectors in order to obviate mirror
damage problems. As is well known, stacked resonant reflect:ors are simply
plane parallel dielectric plates which when illtmzinated cohe'rently, may yield
very high reflectivities (99%) depending upon the index of refraction of the
material and the ntr,-•er of plates used. They also have a very irregular
reflectivity vs frequency curve which seldom goes to zero anywhere in the
spectrum. T-his results in a high average reflectivity over a bandwidth
limited only by the transmission spectrum of the material. Hence, the signal
idler and pump may be made to resonate from one reflector throughout the

L entire tuning range of the oscillator. Hoderate broadband coatings of both
mirrors could then be used to isolate the two cavities. All of these
oscillator designs would require the use of optical materials which are highly
transparent over the 1.O, - 5.O0 spectrum. There are many -window" materials
... . .- - a nspz-nt in region, but a large percentage of these are
hygroscopic (water soluble) in nature. Sapphire is a non-hygroscopic,
extremely hard material which is transparent out to 6.0. It is also anistropic

so that consideration must be given to the crystal axis orientation relative
to the polarization of the three waves. Of course, zero degree orientation
of the C axis relative to the direction of propagation will eliminate any
polarization effects. Some properties of Sapphire and other materials,whjfh
might be applicable,may be found in Kruse, et al, 9 Harshaw, 1 0 and Isomet.
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L
Fcc.ising of the pimp beam in the crystal is a cozwonly used technique

to raise Lfhe po~ier density, of the -s-- Care nusst be exertci-d here,
hm~aver, so ta th p•er density does riat reacts, the dasage threshold of Ehe
non-linear crystal. In the case of LilrW. this value is generally
accepted to be on the order of 12.5 - 5.0 Wl/ua--. A giant pulse laser with
a I ;• mode dianeter is already near this value, so that it is usually risky
to e~ploy focusing in such systee. However, it may be used advantageo-sly
in a high repetition rate, Q-swtcned system where peak "pump" powere are
on the order of one kilowatt. Such fucosinc. will naturally reduce the total

JL interaction length of the three waves- but this is cccuensated for by the

increased pawer density of the pm~p. An ".11.imcu focusing" condition, which
involves a co=mromise between interaction length and focused spot size, is
discussed extensively in the literature. 3

DiODE OF JPERATIOH

SA para~eLric down-converter may be made to foliow any mode of operation
r of the pum laser. These might include the CW, giant pulse or repetitively

Q-switc-hed modes. Of course, CW operation is the most difficult to achieve
be--cause of the high oscilla-tor threshold, h en. , t i~~.

i~wractical. Giant oulse ooeration is the most efficient since the oscillator
is working above 7 threshold. Such a device has been desianed and built under
US Army contract for down-conversion to l.54um. Conversion efficiencies on
the order of 10were achieved. This design did not utilize focusing of the
pusw but rather injected the pump beam directly into the oscillator cavity
and crystal. A large LiNb9 3 crystal, two centimeters in length,was used to
obtain a long interaction path.

High repetition rate (kllz) Q-switched Nd:YAG has also been used as a

pump. Here, peak powers on the order of one kilowatt are still far above
threshold for the oscillator. A erage powers of 40 milliwatts at 2.13 Pm
(degeneracy) have been reported. in this scheme, focusing was accomplished
with a 10 cm lens into a 3.5 • long crfstal. The repetition rate was
2 kHz with a peak pump pulse power of I IM and a 200 ms pulse half width.
An average power conversion efficiency of approximately 10% was obtained.

CONCLUSIONS

Parametric oscillators tunable over the ].Ogm - 5.O!.n spectrum are
oresently quite feasible. There are no major restrictions on the mode of
operation of these devices, so that they are essentially as versatile as the
pump laser.

The pump laser may be operated single or multi-mode, Q-switched or CW,
and still be compatible with the parametric oscillator requirements. In all: cases, however, the,, pumpubea,,-- should 'a polarized so that it Satisfies t,,e
cases IAVV, LI lsa ~uI~i Uii UL j~l t IL~ , IO 0 I tS

phase matchinq requirements most effectively and should not exceed the
damage threshold of the crystal. Nd:YAG is the best choice for high repeti-
tion rate or CW operation, whereas, Nd: Glass, .ith its broad 100 R inhomo-
genance fluorescent laser line, is the best choice for high power work.
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Optical components should be transparent throughout the spectrum of
a.d ... t...... - .. resistance toot icall de..a..

Sapphire is a promising choice here. Glass and quartz, the-most common
riaterials for optical components, begin to absorb near 3.LOPu and so must
be ruled out. Anti-reflection coatings, as well as moderate reflectively
coatings, may be utilized over much of the spectrum te optimize the system.

Narrow band, multi-layer dielectric mirrors are not practical to use
nor easy to make for such a large tuning'range. Insteadbraodband
resonant reflectors or total internal reflection prisms should be used.

LiNbOj crystals cast in accordance with phase matching requirements are
readily available commercially.

Crystal ovens may also be purchased or designed specifically to match
a particular system.

Expected conversion efficiencies are on the order of 10%0 for small
frequency shifts falling off as the ratio of wavelengths for higher shifts.
Assuming a pump laser efficiency of approximately 1%, an overall system
efficiency of 0.1% at the signal wavelength should be realizable.
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